Oxytocin-and vasopressin-related systems are present in invertebrate and vertebrate bilaterian animals, including humans, and exhibit conserved neuroanatomical and functional properties. In vertebrates, these systems innervate conserved neural networks that regulate social learning and behavior, including conspecific recognition, social attachment, and parental behavior. Individual and species-level variation in central organization of oxytocin and vasopressin systems has been linked to individual and species variation in social learning and behavior. In humans, genetic polymorphisms in the genes encoding oxytocin and vasopressin peptides and/or their respective target receptors have been associated with individual variation in social recognition, social attachment phenotypes, parental behavior, and psychiatric phenotypes such as autism. Here we describe both conserved and variable features of central oxytocin and vasopressin systems in the context of social behavioral diversity, with a particular focus on neural networks that modulate social learning, behavior, and salience of sociosensory stimuli during species-typical social contexts.
Introduction
In nature, many forms of social perception, learning, and behavior vary at the individual and species level. Major research efforts have identified conserved neural systems that regulate these processes across species. For example, homologues of the mammalian oxytocin (OT) and arginine vasopressin (AVP) neuropeptides and their respective target receptors (for clarity, homologous neuropeptides and target receptors in invertebrates and non-mammalian vertebrates will hereafter be referred to as "OT/AVP-like") modulate social and reproductive behaviors across bilaterian animals-including social behavior, social cognition, and psychiatric phenotypes such as autism spectrum disorder (ASD) in humans (Donaldson and Young, 2008) . Here we review anatomical and functional properties of central OT/AVP-like networks and tie them to individual and species diversity in social learning and behavior.
OT/AVP-like neurons
OT/AVP-like neurons exhibit a conserved transcriptional architecture (Donaldson and Young, 2008) . In annelid worms and zebrafishes, these neurons express common cell-type specific transcription factors, microRNAs, and opsin genes, suggesting common evolutionary origins (likely as neurosecretory cells) (TessmarRaible et al., 2007) . In vertebrates, transcription of the genes encoding OT/AVP-like proneuropeptides is regulated by strongly conserved cis-regulatory mechanisms, such that transgenically integrated OT-like (isotocin) and AVP-like (vasotocin) gene regulatory constructs from puffer fish are faithfully transcribed in mammalian OT and AVP neurons, respectively (Gilligan et al., 2003; Murphy et al., 1998; Venkatesh et al., 1997) . Despite these conserved transcriptional features, genetic variation in the OXT/AVP gene region may contribute to individual variation in social cognition and behavior. For example, polymorphisms in OXT (the gene encoding OT) have been associated with individual variation in maternal care, postpartum depression, and attachment anxiety in humans (Jonas et al., 2013; Love et al., 2012; Mileva-Seitz et al., 2013) .
In vertebrates, OT-and AVP-like peptides are predominantly synthesized in hypothalamic neurons and can be released centrally and peripherally through the posterior pituitary (Lee et al., 2009) . It was long thought that magnocellular OT/AVP-like neurons project exclusively to the posterior pituitary, while smaller parvocellular neurons project widely throughout brain. However, magnocellular OT-and/or AVP-like neurons in fishes, birds, and mammals also project to forebrain targets (Godwin and Thompson, 2012; Knobloch et al., 2012; Mahoney et al., 1990; Ross et al., 2009a; Saito et al., 2004) , revealing a conserved organization by which peripheral and central OT/AVP-like release may be coupled in vertebrates. AVP-like neurons, although predominantly localized within the hypothalamus, often populate extrahypothalamic sites (e.g. medial amygdala, bed nucleus of stria terminals) in a species-, sex-, and experience-dependent manner (Albers, 2015) . Although specific OT-and AVP-like neuronal populations have been implicated in a variety of social behaviors, their functional features are beyond the scope of this review and are described elsewhere (Kelly and Goodson, 2014) .
OT/AVP-like peptide release
OT-and AVP-like peptides are stored in large dense core vesicles (LDCVs) distributed throughout the soma, dendrites, and axons of OT-and AVP-like neurons. These LDCVs are exocytosed in response to increased concentrations of intracellular Ca 2+ (Stoop, 2012) .
A variety of osmotic, reproductive, and social stimuli have been shown to elicit OT and AVP release (Lee et al., 2009) . For example, OT and AVP are released centrally during parturition, aggressive interaction, and social defeat in rats and/or sheep (Veenema and Neumann, 2008) . OT is also released during mating and suckling (Veenema and Neumann, 2008) , and in response to more subtle social stimuli including vocalizations (Seltzer et al., 2010) , eye contact (Nagasawa et al., 2015) , and touch (Okabe et al., 2015) .
Somatodendritic exocytosis of LDCVs allows OT/AVP-like peptides to diffuse to hypothalamic and possibly extrahypothalamic sites (Ludwig et al., 2002) . In mammals, like other vertebrate lineages, dendritic innervation of the third ventricle may also allow OT/AVP release directly into the ventricular circulation ( Fig. 1 ) (Knobloch and Grinevich, 2014) . In addition to dendritic release, OT/AVP-like peptides can be released focally from axons innervating extrahypothalamic brain regions, allowing for more rapid modulation of behavior (Knobloch et al., 2012; Oettl et al., 2016) . In some instances, these multiple release mechanisms-volume diffusion through the extracellular space, widespread circulation through the ventricular system, and focal release into extrahypothalamic regions-are thought to occur simultaneously and interact to modulate neural networks in a multimodal fashion (Landgraf and Neumann, 2004; Ross and Young, 2009) .
Importantly, OT/AVP release can be uncoupled from depolarization entirely. For example, ␣-MSH can activate melanocortin 4 receptors (MC4Rs) expressed on OT neurons, triggering mobilization of intracellular Ca 2+ stores and somatodendritic OT release, thereby increasing local OT concentrations without depolarization or axonal release (Ludwig and Leng, 2006) . MC4R agonists have been proposed as an alternative pharmacological strategy for targeting the OT system in psychiatric disorders such as ASD . Similarly, CD38 is a transmembrane protein expressed in OT neurons that contributes to mobilization of intracellular Ca 2+ stores, triggering OT secretion without depolarization (Higashida et al., 2012; Young, 2007) . In mice, CD38 regulates OT-dependent social memory and maternal behavior; in humans, genetic polymorphisms in the CD38 gene are associated with individual variation in parental behavior and ASD phenotypes, suggesting a conserved role for this pathway in social function across rodents and humans (Feldman et al., , 2012 Higashida, 2016; Higashida et al., 2012; Jin et al., 2007) .
OT/AVP-like neurons co-express OT/AVP-like receptors in both invertebrates and mammals, suggesting autocrine regulation of these neurons has been strongly conserved (Berlove and Piekut, 1990; Gillard et al., 2007; van Kesteren et al., 1995) . In mammals, OT/AVP binding to autoreceptors "primes" the neuron into a more excitable state for up to an hour, augmenting somatodendritic OT/AVP release in response to depolarization or osmotic stimuli (Brussaard, 1995; Dayanithi et al., 2000; Gillard et al., 2007; Ludwig and Leng, 2006; Ludwig et al., 2002; Sabatier et al., 2004) . Other signaling mechanisms may also prime OT/AVP-like neurons. For example, melanotan II, a MC4R agonist, potentiates OT release in the striatum following a physiological stimulus and facilitates OT-dependent behaviors (Modi et al., 2015) .
It is unclear whether OT/AVP-like neuropeptides act as synaptic neurotransmitters themselves. Electrophysiological and behavioral effects following evoked axonal OT release in forebrain regions occur relatively slowly (on the order of 2-20 s), suggesting that axonal OT release may occur non-synaptically through periaxonal or en passant exocytosis of LDCVs ( Fig. 1) (Hokfelt, 1991; Knobloch and Grinevich, 2014) . Further, OT terminals in the striatum originating from magnocellular neurons are typically devoid of LDCVs, consistent with en passant OT release from unmyelinated axons (Ross et al., 2009a) .
In rodents, hypothalamic OT and AVP neurons predominantly express VGLUT2, suggesting that depolarization of these neurons Fig. 1 . Morphology, neuroanatomical projections, and release mechanisms of OT neurons. This schematic represents current views of OT neuronal structure and function. Magnocellular and parvocellular OT neurons project to distinct targets. In addition to projections to the posterior pituitary, magnocellular OT axons can innervate extrahypothalamic forebrain and midbrain regions, and dendrites can contact the third ventricle. In contrast, parvocellular OT neurons are thought to project predominantly to hindbrain and brainstem regions. Glutamatergic networks link magnocellular OT neurons and are thought to synchronize pulsatile release into the periphery. Though not pictured, axon collaterals from some parvocellular OT neurons can synapse onto, excite, and trigger OT release from magnocellular OT neurons in the SON. OT is stored in LDCVs that populate the soma, dendrites, and axons but are typically absent in terminals; thus en passant release is thought to be the primary form of axonal OT release. Axonal and somatodendritic OT release can be triggered without depolarization via activation of MC4Rs or the activity of transmembrane proteins such as CD38. Following somatodendritic release, OT can bind to autoreceptors and prime OT neurons for firing, and may also volume diffuse to other central targets. Abbreviations: BBB = blood brain barrier; 3V = 3rd ventricle.
is coupled with synaptic glutamate release (Dabrowska et al., 2011; Kawasaki et al., 2005) . Consistent with this idea, OT-OT and AVP-AVP magnocellular neurons are linked by intrahypothalamic glutamatergic synapses and exhibit electrical coupling following electrophysiological stimulation ( Fig. 1) (Boudaba and Tasker, 2006; Eliava et al., 2016; Israel et al., 2003; Jourdain et al., 1998; Saito and Urano, 2001 ). This autoexcitatory network structure is thought to synchronize pulsatile OT-or AVP-like release into the periphery in response to robust osmotic or reproductive stimuli (e.g. during parturition). This organization may also be relevant for subtler forms of social stimuli. For example, anatomical studies in mice have identified sensory neurons in the olfactory epithelium expressing the OR37 receptor, which selectively binds ligands secreted from the mammalian anal gland (Bader et al., 2012a; Bautze et al., 2014) . These sensory neurons project to glomeruli in the ventral main olfactory bulb; which in turn project to the hypothalamus and synapse selectively onto AVP neurons (Bader et al., 2012b; Schaefer et al., 2001 Schaefer et al., , 2002 . This circuit illustrates how social stimuli, such as socially-relevant odorant molecules, may selectively access hypothalamic AVP networks and trigger AVP release.
OT/AVP-like receptors
Upon release, OT-and AVP-like neuropeptides exhibit high affinities for their respective target G-protein-coupled receptors and can exert their effects at low nanomolar concentrations, suggesting a capacity for high signaling efficacy following the release of a small number of LDCVs (Ludwig and Leng, 2006) . Several OT/AVP-like receptors are expressed in the brain. In mammals, the majority of investigations have focused on three OT/AVP receptors expressed in nervous tissue: oxytocin receptor (OTR), vasopressin receptor 1a (V1aR), and vasopressin receptor 1b (V1bR) (Gimpl and Fahrenholz, 2001; Gruber et al., 2010) . OTRs and V1aRs are abundantly expressed in the brain and modulate a variety of mammalian social behaviors, and therefore will be a primary focus of this review.
In contrast to the conserved transcriptional regulation of Oxt and Avp, Oxtr and Avpr1a regulation appears to be more phylogenetically labile. Polymorphisms in non-coding regions of Oxtr and Avpr1a likely influence behavioral diversity by modulating transcription levels and patterns of region-specific expression in the brain. Indeed, genetic polymorphisms in Oxtr and Avpr1a predict individual variation in region-specific receptor expression and social behavior in both prairie voles and humans (Hammock and Young, 2005; King et al., 2016; Knafo et al., 2008; Okhovat et al., 2015; Ophir et al., 2008; Reuter et al., 2016) . For example, in male prairie voles, polymorphisms in Avpr1a predict differential V1aR expression in the retrosplenial cortex and individual variation in mating strategies in semi-natural field enclosures (Okhovat et al., 2015) . Also in prairie voles, polymorphisms in Oxtr predict OTR expression in the nucleus accumbens (NAc) and individual variation in pair bonding (King et al., 2016) . In primates, polymorphisms in OXTR and AVPR1A predict individual variation in social behavior and cognition in chimpanzees and humans (Hopkins et al., 2014; Skuse et al., 2014; Staes et al., 2015; Waller et al., 2016 )-including social attachment behaviors in humans (Walum et al., 2012 (Walum et al., , 2008 ; neural activity during social contexts in humans (Feng et al., 2015; Loth et al., 2014; Tost et al., 2010 Tost et al., , 2011 ; and ASD phenotypes in humans (LoParo and Waldman, 2015; Procyshyn et al., 2016) .
Central distribution patterns of OT-and AVP-like receptors have been mapped in numerous species. These efforts have revealed several particularly striking themes: firstly, a high degree of promiscuous binding of OT-like ligands to AVP-like receptors and AVP-like ligands to OT-like receptors (Albers, 2015) ; secondly, a remarkable degree of complementarity between OT-and AVP-like receptor expression patterns in the brain (Dumais and Veenema, 2016; Stoop, 2012) ; thirdly, in some species, region-specific plasticity in expression depending on sex and social experience (Albers, 2015; Dumais and Veenema, 2016; Gil et al., 2013) ; and fourthly, an extraordinary degree of evolutionary plasticity in region-specific expression levels across neural networks that modulate social perception, learning, and behavior (Johnson and Young, 2015) . Comprehensive discussion of each of these themes is beyond the scope of this review; however, it is important to note that variation in region-specific OT-and AVP-like receptor expression has been linked to individual and/or species diversity in social behaviors in multiple vertebrate lineages Okhovat et al., 2015; Ophir et al., 2012; Young and Wang, 2004) . These topics will be reviewed further in the following sections.
OT/AVP-like receptors and species-specific sociosensory processing
A remarkable degree of evolutionary plasticity is observed in OT/AVP-like receptor expression throughout sensory pathways, with patterns of receptor expression appearing to reflect the dominant sociosensory modalities utilized by the species. For example, teleost fishes rely on visual cues during reproductive and dominance interactions, and dense expression of OT/AVP-like receptors has been reported in visual processing nuclei (e.g. optic tectum) (Grosenick et al., 2007; Huffman et al., 2012; Kline et al., 2011; Moons et al., 1989) . Chemosensory molecules are also critical mediators of social information in teleosts (Crapon de Caprona, 1980; Hubbard et al., 2014; Simoes et al., 2015) , and OT/AVP-like receptors are densely expressed in olfactory and gustatory nuclei (e.g. olfactory bulb, tertiary gustatory nucleus) (Huffman et al., 2012; Kline et al., 2011) . Interestingly, OT/AVP-like receptor expression has also been reported in specific vocal-acoustic and lateral line sensory processing circuits (Huffman et al., 2012; Kline et al., 2011) ; reflecting additional sociosensory domains that are important during teleost social interaction (Butler and Maruska, 2016; Bass, 2000, 2002; Goodson et al., 2003) . In tungara frogs, mating vocalizations elicit robust immediate early gene (IEG) expression in auditory midbrain nuclei (e.g. torus semicircularis) (Hoke et al., 2004) . Although OT/AVP-like receptors have not yet been mapped in this species, dense receptor expression in this nucleus has been reported in the only frog species analyzed to date (Acharjee et al., 2004) . Many frogs also rely on visual throat displays and posturing during dominance interactions (Wells, 1977) , and OT/AVP-like receptors are densely expressed in visual processing nuclei (e.g. optic tectum) (Acharjee et al., 2004) . Similar to frogs, patterns of OT/AVP-like receptor expression reflect patterns of vocalizationinduced IEG expression in songbirds (Leung et al., 2011 (Leung et al., , 2009 ). Plumage and behavioral displays (e.g. copulation solicitation) also represent major sociosensory cues that are transmitted during avian social interactions (Candolin, 2003; O'Loghlen and Rothstein, 2010; Searcy, 1992) , and investigations in songbirds have revealed dense expression of OT/AVP-like receptors in visual-processing nuclei (e.g. oculomotor nucleus, optic tectum) (Leung et al., 2011; Leung et al., 2009 ). In rodents, olfaction is the dominant mode of sociosensory processing. OTRs and V1aRs are densely expressed throughout olfactory pathways; and OTR signaling directly modulates processing of social olfactory stimuli in mice (Choe et al., 2015; Oettl et al., 2016) . Interestingly, in postpartum mice, OTRs in auditory cortex have been shown to modulate excitatory-inhibitory balance and enhance processing of neonatal vocalizations (Marlin et al., 2015; Mitre et al., 2016) . In contrast to rodents, vision and audition are the dominant modes of sociosensory processing in primates. OTRs and V1aRs are preferentially expressed in visual and auditory processing regions; and intranasal OT delivery modulates neural and behavioral responses to visual and acoustic social stimuli in multiple primate species, including humans (Blandon-Gitlin et al., 2014; Dal Monte et al., 2014; Freeman and Young, 2016; Liu et al., 2015b; Luo et al., 2015; Strathearn et al., 2009; Taylor and French, 2015) . These and other data suggest that OT/AVP-like receptors preferentially modulate the dominant forms of sociosensory processing in a species-specific manner across vertebrates, perhaps to increase the salience of sociosensory cues during social contexts.
OT/AVP-like receptors contribute to social behavioral diversity
In addition to sensory systems, conserved limbic and mesolimbic networks are critical modulators of vertebrate social behavior Hofmann, 2011, 2012) , although the homologues (or lack thereof) of some brain regions across vertebrate classes are still debated (e.g. ventral tegmental area) (Goodson and Kingsbury, 2013; Tay et al., 2011) . Experiments spanning a wide range of species have revealed diverse expression patterns of OT-and AVPlike receptors across these neural networks (Johnson and Young, 2015) . This evolutionary plasticity is thought to be a major neurobiological mechanism contributing to species-typical patterns of social information processing and behavior (Donaldson and Young, 2008) .
Region-specific expression levels of OT-and AVP-like receptors have been associated with social behavioral divergence between Fig. 2 . Diversity in region-specific OTR expression is associated with diversity in social behavior. Representative autoradiograms illustrate accumbal OTR binding density (indicated by black labeling) in rodent and primate species exhibiting divergent social behaviors and mating strategies: (A) mouse, (B) montane vole, (C) rhesus macaque, (D) "low" OTR-expressing prairie vole, (E) "high" OTR-expressing prairie vole, and (F) marmoset. Black arrowheads indicate position of the NAc in each section. In contrast to mice, montane voles, and rhesus macaques, prairie voles and marmosets exhibit alloparental behavior, socially monogamous mating strategies, and dense OTR binding in the NAc (D-F versus A-C). This same pattern is observed across individual prairie voles, which vary in region-specific OTR densities (e.g. D versus E) and social behavior: OTR density in the NAc is positively correlated with individual variation in both alloparental care and socially monogamous behavior. Thus, region-specific OTR expression is associated with individual and species diversity in social behavior, although it is not sufficient to predict social behavioral phenotype in all mammals. OTR expression in the NAc represents one of several examples linking region-specific OT/AVP-like receptor expression to social behavioral phenotype in vertebrates, a topic that is discussed in more depth in under "OT/AVP-like receptors contribute to social behavioral diversity." Autoradiograms were adapted from (Burbach et al., 2006) and (Freeman and Young, 2016) with permission.
species. For example, OT-and AVP-like receptor densities in the lateral septum are correlated with species differences in flocking behavior in estrildid finches , and-in the nucleus accumbens-ventral pallidum (NAc-VP) circuit-with species differences in mating systems and parental behavior in rodents (Kalamatianos et al., 2010; Olazabal and Young, 2006; Young and Wang, 2004) and possibly primates (Freeman and Young, 2016; Johnson and Young, 2015) . For example, socially monogamous and alloparental prairie voles exhibit higher OTR expression in the NAc and higher V1aR expression in the VP compared to non-monogamous meadow and montane voles . Similarly, eusocial and alloparental naked mole rats exhibit dense OTR binding in the NAc compared to solitary cape mole rats (Kalamatianos et al., 2010) . In primates, socially monogamous and alloparental marmosets exhibit dense OTR expression in the NAc, while socially monogamous and alloparental coppery titi monkeys exhibit dense V1aR expression in this region (Freeman and Young, 2016) ; in contrast, non-monogamous rhesus macaques exhibit low levels of OTR and V1aR binding in the NAc (Fig. 2) (Freeman et al., 2014; Young et al., 1999) . Humans also exhibit capacities for alloparental care and selective social attachments with mating partners; ligands promiscuous for both OTRs and V1aRs have revealed dense binding in the human VP (Loup et al., 1991) . It may be that OTR/V1aR signaling in the NAc-VP circuit plays a critical role in attaching valence and incentive salience to the sociosensory cues of conspecific neonates and mating partners. Experiments in voles suggest such species differences in region-specific receptor expression have functional significance: selective blockade and RNAi knockdown of V1aR in the VP of prairie voles inhibits pair bond formation, while selective overexpression of V1aR in the VP of non-monogamous meadow voles increases monogamous-like behavior (Barrett et al., 2013; Lim et al., 2004) . Interestingly, intranasal OT administration in pair-bonded men increases self-reported attraction to their partner and increases BOLD response in the NAc when viewing images of their partner, raising the possibility that OTRs directly modulate the NAc-VP circuit and selective social attachment in humans (Scheele et al., 2013) .
In some instances, the same patterns linking region-specific OT/AVP-like receptor densities to interspecies behavioral diversity are mirrored by patterns of individual variation within species. For example, individual prairie voles vary in monogamous mating behavior, and this behavioral variation is associated with individual variation in OTR and V1aR densities in the NAc and VP, respectively. Socially monogamous females exhibit denser V1aR expression in the VP compared to "wandering" females (Zheng et al., 2013) ; and in males, overexpression of V1aR in the VP accelerates pair bonding (Pitkow et al., 2001) , while RNAi knockdown of V1aR in the VP inhibits pair bonding (Barrett et al., 2013) . Similarly, pair bonded males exhibit denser OTR expression in the NAc compared to "wandering" males in semi-natural field enclosures (Ophir et al., 2012) ; overexpression of OTR in the NAc accelerates pair bond formation in females (Keebaugh and Young, 2011; Ross et al., 2009b) ; and genetic polymorphisms that predict high OTR expression in the NAc are associated with accelerated pair bond formation in males (King et al., 2016) . OTR binding density in the NAc is also associated with individual variation in alloparental behavior in prairie voles (Olazabal and Young, 2006) . Thus, variation between Microtine species is reflected by individual variation within prairie voles. It may be that a significant degree of regulatory diversity in Oxtr and Avpr1a contributing to species divergence in region-specific receptor expression persists following speciation, thus contributing to parallel patterns within and across species.
Recent experiments suggest central OT/AVP systems may play a conserved role in modulating additional dimensions of complex social cognition and behavior in rodents and humans. For example, activation of OTRs in the medial amygdala is essential for social recognition in mice (Ferguson et al., 2001) . In humans, polymorphisms in OXTR are associated with individual variation in facial recognition, suggesting the OT system may play a conserved role in modulating conspecific recognition in rodents and humans (Skuse et al., 2014) . Many mammalian species-including humans-exhibit anxiety-like, depressive-like, and stress-coping phenotypes following periods of social isolation, separation from familiar conspecifics, or partner loss (Amiri et al., 2015; Bosch et al., 2009; Lukkes et al., 2009; Stroebe et al., 2007) . In prairie voles, separation from a bonded partner, but not from a sibling, induces depressive-like behavior in males, an effect that is mediated by activation of corticotropin-releasing factor receptor 2 in the NAc, and rescued by activation of OTRs in this region (Bosch et al., 2016; Bosch et al., 2009) . In humans, polymorphisms in OXTR have been associated with attachment phenotypes, separation anxiety (both in patients with depression), sensitivity to social exclusion, and cortisol levels following social exclusion; suggesting the OT system may play a conserved role in modulating hormonal and behavioral responses to social separation in prairie voles and humans (Costa et al., 2009; McQuaid et al., 2015) . In female prairie voles, OTR density in the NAc predicts resilience to the effects of neonatal social isolation on adult social attachment phenotypes, suggesting that individual variation in central OTR organization interacts with early life social environment to shape adult social behavior . Similarly, in humans, polymorphisms in the OXT and AVPR1A genes predict how early life adversity is associated with maternal care, postpartum depression, social integration, and/or social attachment later in life (Jonas et al., 2013; Liu et al., 2015a; MilevaSeitz et al., 2013) . Recently, prairie voles were demonstrated to exhibit consoling behavior towards a partner following an unobserved stressor, an effect that is mediated by OTR activation in the anterior cingulate cortex (ACC) (Fig. 3) (Burkett et al., 2016) . Intranasal OT, genetic variation in OXTR and AVPR1A, and the ACC have been implicated in human empathy and emotion recognition, raising the possibility of conserved neural mechanisms modulating empathic behavior in rodents and humans (Burkett et al., 2016; Domes et al., 2007; Hurlemann et al., 2010; Lamm et al., 2011; Laursen et al., 2014; Uzefovsky et al., 2015) .
OT/AVP-like neuromodulation of social information processing networks
Although many experiments have linked region-specific OTR/V1aR populations to social behavior, it remains unclear how OT/AVP-like systems modulate neural function during social contexts. Emerging models in this domain have emphasized network level approaches toward understanding the social brain (Bethlehem et al., 2013) . For example, experiments across vertebrates, including humans, have shown that social context rapidly shifts patterns of correlated activity-dependent signals (e.g. immediate early genes, neural plasticity markers, metabolic markers, BOLD responses, etc.) across nodes of conserved social information processing networks (Hoke et al., 2005; Kelly and Goodson, 2015; Liu et al., 2016; Sakata et al., 2000; Sato et al., 2016; Teles et al., 2015; Teles et al., 2016; Yang and Wilczynski, 2007) . These data suggest that social contexts recruit unique "states" of interaction among network nodes.
The central projections and release properties of OT/AVP-like neurons, together with the widely distributed and variable expression profiles of central OT/AVP-like receptors, indicate that these systems are ideally organized to modulate widely distributed neural networks during social contexts. Indeed, emerging models propose that activation of OT/AVP-like receptors during social contexts modulates patterns of functional coupling across conserved neural networks to facilitate processing of sociosensory cues and generation of appropriate social behavioral responses Johnson and Young, 2015; Rose and Moore, 2002) .
We recently tested these models by measuring how endogenous OTR activation during social contexts modulates expression of the IEG product Fos-a marker for transcriptional regulation and synaptic plasticity in neurons-across a neural network that is thought to attach valence and incentive salience to sociosensory cues in male prairie voles (Fig. 3) . We measured Fos expression across anatomically interconnected, OTR-expressing nodes of this "social salience network" (SSN) in a non-social context (social isolation in the home cage) and two social contexts (sociosexual interaction and mating with a female, and sociosexual interaction and mating with a female following central OTR blockade). Sociosexual interaction and mating was associated with a robust increase in Fos expression across the network compared to social isolation; but no brain region-specific differences in levels of Fos expression distinguished the two social treatment groups. In contrast, these groups were distinguished by robust differences in patterns of correlated Fos expression across the SSN. Specifically, in vehicle-treated males, sociosexual interaction and mating with a female was associated with strongly and positively correlated Fos expression across SSN nodes; and this pattern was disrupted in OTA-treated males (Johnson et al., 2016a) . These data are consistent with the hypothesis that central OTR signaling during social contexts modulates coupling between nodes of widely distributed social information processing networks (Fig. 3) . We then used the same paradigm to test how endogenous OTR signaling specifically within the NAc-a mesolimbic reward nucleus and network "hub" within the SSN-modulates Fos expression across the network. Consistent with our previous experiments, selective OTA administration into the NAc was not associated with differences in levels of region-specific Fos expression, but robustly modulated correlated Fos expression between the NAc shell and other SSN nodes. Specifically, Fos expression across non-accumbal nodes strongly predicted Fos expression in the NAc shell in vehicle-treated but not OTA- (A) Schematic highlighting brain regions in which OTR (red) and/or V1aR (blue; purple indicates both systems are important) activation is thought to modulate social information processing and/or behavior in prairie voles and other species. For example, regions outlined in black represent a simplified neural network model of OTR-expressing brain regions that are thought to distributively encode both valence and incentive salience of social stimuli (e.g. individual sociosensory profiles). Select dopamine (green), OT (maroon), and other (black) axonal projections are thought to be critical for these processes. AVP axonal projections are not depicted for clarity; however, V1aR activation in the LS and VP are also thought to modulate these processes. Additional systems that are not depicted (e.g. corticotrophin releasing factor, -and -opioid, etc.) are also important. Regions that are thought to modulate additional dimensions of social learning and behavior in prairie voles are included. For example, V1aRs in the retrosplenial cortex (RSC) are thought to modulate sociospatial memory, while OTRs in the anterior cingulate cortex (ACC) are critical for consoling behavior. Abbreviations: ACC = anterior cingulate cortex; AON = anterior olfactory nucleus; BLA = basolateral amygdala; LS = lateral septum; MeA = medial amygdala; MOB = main olfactory bulb; NAc = nucleus accumbens; PFC = prefrontal cortex; PVN = paraventricular nucleus of the hypothalamus; RSC = retrosplenial cortex; VP = ventral pallidum; VTA = ventral tegmental area. (B) Central OTRs modulate correlated Fos expression across a hypothesized "social salience network" during sociosexual interaction and mating in male prairie voles. Heatmaps represent pairwise correlation coefficients of Fos expression between nodes of the network in three experimental treatment groups. Following central administration of artificial cerebral spinal fluid (aCSF), social isolation is associated with weakly correlated Fos expression across the network. In contrast, aCSF-treatment followed by sociosexual interaction and mating with a female is associated with strongly and positively correlated Fos expression across the network as a whole. This effect is disrupted by central administration of a selective OTR antagonist (OTA) prior to sociosexual interaction and mating, which is associated with a significant decrease in correlated Fos expression across nodes of the network. These and other data are consistent with hypotheses that central OT/AVP-like signaling modulates distributed network states during social contexts in vertebrates, and are reviewed under "OT/AVP-like neuromodulation of social information processing networks." Heatmaps were adapted from (Johnson et al., 2016a) with permission. Abbreviations (see above): NAcc = nucleus accumbens core; NAcs = nucleus accumbens shell. treated males (Johnson et al., 2016b) . These data are consistent with the hypothesis that region-specific OTR activation modulates coupling of specific brain nuclei with other network nodes during species-typical social interactions.
Though different in important regards, these data are consistent with functional magnetic resonance imaging studies in humans and other primates, in which BOLD responses can be measured on a relatively rapid time scale. For example, intranasal OT administration modulates functional coupling between cortical, limbic, and/or striatal nuclei during processing of emotional facial expressions in both rhesus macaques and humans (Hu et al., 2015; Kirsch et al., 2005; Liu et al., 2015b) . Intranasal AVP administration, polymorphisms in OXTR, and methylation of OXTR are also associated with differences in functional coupling between cortical, limbic, striatal, and/or brainstem nuclei during emotional face processing and other social contexts in humans (Brunnlieb et al., 2016; Puglia et al., 2015; Rilling et al., 2012; Tost et al., 2010 Tost et al., , 2011 Zink et al., 2010) . Thus, central OT and AVP signaling may play a conserved role in modulating network "states" during social contexts across species.
Several electrophysiological experiments reveal how OT/AVPlike signaling can modulate interregional circuitry at a cellular level. In the main olfactory bulb (MOB), cortically projecting mitral and tufted cells (M/TCs) facilitate odor processing through lateral inhibition of surrounding M/TCs, a process that is augmented by inhibitory interneuronal granule cells (GCs), increasing the "signalto-noise" ratio of incoming odors (Brennan and Kendrick, 2006; Yokoi et al., 1995) . GCs receive top-down glutamatergic inputs from OTR-expressing projection neurons in the anterior olfactory nucleus (AON). It was recently demonstrated that OTR-mediated excitation of these projection neurons increases signal-to-noise ratio of odorant-evoked responses in the MOB (increasing peak odorant responses of M/TCs while lowering background noise) (Oettl et al., 2016) . Thus, OTR-mediated activity in the AON modulates odorant-evoked activity in the MOB, perhaps increasing salience of social olfactory cues. Other studies show that theta stimulation of the accessory olfactory bulb (AOB) induces LTD in the MeA, and this is thought to reflect a critical component of social memory formation; during theta stimulation of the AOB, OTR agonists augment-while OTR antagonists inhibit-LTD formation in the MeA (Gur et al., 2014) . OTR activation also modulates Schaffer collateral projections from CA3 onto pyramidal neurons in CA1 of the hippocampus, a region that is important for social memory storage (Okuyama et al., 2016) . During stimulation of these projections, selective OTR agonists increase signal-to-noise ratio by suppressing background firing and increasing fidelity of spike transmission and timing onto CA1 pyramidal neurons (Owen et al., 2013) . Other experiments have shown that AVP and OT differentially regulate excitatory projections from the basolateral amygdala (BLA) to the medial central amygdala (CeM), a circuit that regulates fear learning and that is thought to be important for maternal behavior; AVP increases, while OT decreases, the probability that stimulation of these BLA projections will evoke excitation of CeM neurons (Campbell-Smith et al., 2015; Huber et al., 2005; Lubin et al., 2003; Numan et al., 2010) . Lastly, in mice, OTRs modulate projections from the dorsal raphe to the NAc. Activation of presynaptic OTRs on serotonergic projections from the dorsal raphe modulates serotonin-dependent LTD of medium spiny neurons in the NAc, a process that is critical for social learning (Dolen et al., 2013) . Taken together, these studies show that OTRs and V1aRs can exploit a variety of circuit mechanisms to augment and/or attenuate transmission across interregional projections that modulate social learning and behavior.
It may be useful to consider these data in the context of recent evidence suggesting that psychiatric phenotypes such as depression, schizophrenia, generalized social anxiety, posttraumatic stress disorder (PTSD), and ASD are associated with differences in functional connectivity across widely distributed networks in the brain (Guye et al., 2010; Kennedy and Adolphs, 2012; Kleinhans et al., 2008; Lynall et al., 2010; von dem Hagen et al., 2013) . Individual variation in multiple parameters of OT and AVP systems (e.g. peripheral levels, polymorphisms in the ligand and receptor genes, etc.) have been repeatedly linked with these psychiatric phenotypes (Ebstein et al., 2009; Feldman et al., 2014; Heinrichs et al., 2009; Meyer-Lindenberg et al., 2011; Myers et al., 2014) . Thus, organizing principles that describe how OT and AVP modulate widely-distributed network states will likely have important translational implications for human social cognition. A few recent neuroimaging studies have revealed interesting results in this regard. In patients with generalized social anxiety, intranasal OT administration increases functional connectivity between the amygdala and cortical regions during processing of fearful faces when compared to healthy controls (Gorka et al., 2015) . Similarly, intranasal OT administration differentially modulates functional connectivity between amygdalar and cortical nuclei in patients with PTSD compared to controls Koch et al., 2016) . In youth diagnosed with ASD, polymorphisms in OXTR are associated with differences in resting state functional coupling between the NAc and frontal cortex (Hernandez et al., 2016) , and intranasal OT administration increases functional coupling between reward nuclei-including the NAc-and regions involved in socioemotional processing during exposure to multimodal sociosensory stimuli (Gordon et al., 2016) .
In summary, multiple experimental approaches suggest that central OT/AVP-like signaling during social contexts modulates widely distributed networks that are critical for social learning and behavior. Data from our laboratory and others' suggests that OT/AVP-like neuromodulation during social contexts may transiently promote "states" of network function that are more strongly linked to social context, learning, and behavior than other potential levels of analyses (e.g. analyses of neural activity or plasticity in individual brain regions). While these data may not be surprising, they indicate that OT/AVP-like systems represent an excellent opportunity to understand diversity in social information processing at a network level, and urge future experimental designs and analyses that are capable of testing network level hypotheses. Within this framework, individual and species level variation in patterns of central OT/AVP-like receptor expression may reflect a diverse range of neuronal populations, circuit mechanisms, and network "states" that can be transiently recruited during social contexts. Identifying anatomical and functional organizing principles of OT/AVP-like systems at the network level should be a primary goal for the field in coming years, and will likely provide valuable insights into human social cognitive and behavioral diversity.
Conclusions
OT/AVP-like systems exhibit conserved anatomical and functional properties. In vertebrates, these systems innervate conserved and widely distributed neural networks that regulate social information processing and behavior. Individual and species variation in the neuroanatomical organization of OT/AVP-like receptors may reflect diversity in network states that are transiently recruited during social contexts. Identifying links between central OTR/V1aR distributions and distributed network states will likely have critical implications for understanding individual and species level diversity in social perception, learning, and behavior; and for developing novel therapeutic strategies that target social cognitive symptom domains in human psychiatric phenotypes such as ASD (Modi and Young, 2012; Young and Barrett, 2015) .
